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CORNER-TURNING IN TATB

M. Cox, A. W. Campbell
Los Alamos National Laboratory
Los Alamos, New Kexico

Descriptions are given of two tests for measuring the tendency nf a
point-initiated detonation wave to diverge so as to propagate at right
angles to the axis of initiation (“turn the corner”). These tests were
used to study the effects of initiator diameter and of acceptor tempera-
ture and density on the corner-turning distance in self-boosted PBX-9502
{95wtX TATB/5wtX Kel-F800). Measurements were made of the radial distance
at which corner-turning was achieved, and the volume of undeton. ed
explosive was calculated. Generally, the corner-turning distances
increased with increase in the density and with decreases in the initiator
diameter an¢ the temperature. Both high densities and low tempei-atures
caused anomalous and significant changes 1n corner-turning radius and the
volume of the dark (largely undetonated) region,

1. INTRODUCTION

When a detonation wave from a small deto-
nator or booster enters a larger charge of
cxplosive, the detonation wave may fail or may
propagate and consume part or all of the
charge. If the detonation wave diverges so that
it travels at a right angle to the direction of
initiation we say, for want of a better term,
that it has "turned the corner,”

Explorat lon of this process waited of neces-
sity for the development of adequate cameras and
photographic techniques. Welbull [1] used a
camora with a photographic F1im moving at
0.1 m/ps in an attempt to test "an old belief
that the detonation wave must Lravel a certain
distance fram the initiating point before
attainin, its final speed.® From ohservations
on wave divergence in a charge of pressed TNT
inftiated by a small detonator, he come Lo the
conc lusion that “detonation is propagated with
uniform speed in all dirvectlions from the
detonator

Shepherd [ ] disagreed with these findings
as not according with geneval experionce, fle
showrdd that a low propagat ton rate preceding
full detonation velocity was qxhlblltﬂ hy
prossed toteyl (p = 1,10 g/an?) initialed by
a mmber six detonator.  He further surmised
that there was a "real, though small" ditference
in the detonation rate about a small initiat ion
sowvee due ta the short vadius of Lhe wave.

Mitchedl amd Paterson [3] observed that in
Haquld nitrogiycering where the transparency of
the explosive pevaitiod observetion of Lhe

spread of detonation, "the initial velocity of
detonation normal to the axis of the detonator
was appreciably less than that along the axis.”
They established that much of the wave in the
axial direction spread spherically, and, by
assuming a constant velocily, altempted to
establish the apparent center of the wave
through an analysis of the breakout recorid.

Jones and Mitchell [4] gencrally agreed with
Shepherd's finding that a transitory low
veloclity could be observed in some high explo-
sives, particularly lquid and gelatinous explo-
sives; however, in high-density explosives, Lhoy
believed that immediate, high-arder detonation
was the usual result even with detonator inftia-
tion. In contrast to this, thoy showed thai, in
cylindrical charges of coarse qrist solid explo-
sives, a stable low-order velocity could he
produced. Such a low velocity and also a stable
high-order velocity were exhibited by flake INT
at a density of 1.0 q/emd,

Herzherg and Walker [5,6) appear to have
m e the most thorouyh study of corper-lurning
(the “hook effect®). They tound that a delay In
lateral spreoading of a detonat ton, Initiated
over a small area, coudd occur even wher no lows
aorder detonat fon was present,  The delay in
lateral spreading extended 1erther into Lhe
acceptor as the strongth of the inftiatar was
reduced by fnterposition of sheets of paper,
cardboard, or beaverbonard.  wWaaen Tow-order doto-
nation was present., latersal spreading began with
Lhe transition to high-order detonat{ion, This
transition they regardsd as occureina first over
an area about 4 mm wide and over an axial
distance of less than Y mn,  they also obwerved,
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near the initiator, regions of explosive which
remained dark and which they termed the "dark
space" and the “super dark space." In the super
dark space they believed that no high-order
detonation cccurred.

Held [7] has given descriptions of several
interesting axperiments in which he attempted to
reverse the directon of detonation. He
concluded that, within the geometrical
constraints imposed, it was very difficult to
achieve reversal via corner-turning, and that
one may not, as in optics, regard each point on
the wavefront as an origin for new wavelets.

Most recently, Jackson et al. [8] have
studied the initiation of TATB formulations with
flying foils. They found that they could reduce
the divargency of the initiated wave by reducing
the diameter of the flyina foil or its velocity,
and observed non-divergent detonation near the
Timit. Otker factors which affected the diver-
gency were the temperature, density, concentra-
tion of hinder, and particle size.

A positive corner-turning distance is, it
seems, exhibited by all explosives, including
lead azide [5]. This behavior is more
pronounced for 1iquid and insensitive solid
explosives., and can present a severe problem as
the initiation limits are approacned. To
examine this behavior we have devised two forms
of cerper-turning tests. The first is used
primarily as a quality-control test; the second
can be used to study detalls of the nrocess of
corner-turning.

II.  EXPERIMENTAL

The corner-turning tests have been designed
for TATB-hased explosives (1, 3, S-triamino 2,
4, 6-trinitrobenzene). More specifically, the
data presen’oed here are for PBX-9502, which is
compnsed of 5% Kel-F and 95% TATR, half of which
is roworked TATB. Both the test piece and the
hooster arc ot the same material and of the same
density {(+ 0.01 g/cm?).  The density of any
booster or_acceptor was known to hetter than
0.00? g/cm3,

A, CONTROL (EST

The cortrol test (Fig. 1) is used primarily
as a cuality-control test to determine if the
corner-turning distance for a g.ven batch of
expleosive is within the required cange, It
involves a eylindrical test plece Inftlated by
two smadimr-dramerer cviindrical boosters
cancentrizally qlued to each other and then to
the test, or acceptor, piece. Clgarette paper
act s aa the flasher, which Is observed with a
smear camere equipned with a single s,
Figure 2 shows an oxample of a tilm trace
chtained with this technigue,

9407
Pellet

Fig. 1.

Black odapler

> 2 9502 Booster sections

ies! piece

Cigarette paper fiarher

Fiducial wire

— Steel scale (mm)

The control test. One slit is used to
observe the breakout trace.

Braokgu!
Point

4 mm- ~

) Fiducial —|¥-—-

Fiq. 7.

20 mm
to edge of charge

A ffim trace asing the control desiyn,
One trace Is observed; the temperalure
fs 248C,  The corner-turning distance
o point at which breakoat i et
measured 15 about 16 m from the
Initiation surtace,  The flducial in
located 0 mn from the upper surface of
Lhe acceptor, where indtiation takes
place,
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B. CORNER-TURNING RESEARCH TEST

The second design, the experimental corner-
turning test, used a parallelepiped as the test —_—
piece, rather than a cylinder. As with the nitiating system
control test, the acceptor explosive is
initiated with two cylindrical boosters. Ciga-
rette paper heid with 1/2-inch-thick Plexiglas "W
is used as the flasher, and is placed across a
2- x 2-in. surface of the test piece (the

observed surface). A 50-mm-long booster of
>z s502

PBX-9502 is glued to a 1- x 2-in. surface of th2 N .
Booster sections

test piece. The booster edge is 1 mm from the
observed surface, and the booster center is

20 mm from the side edge. These two dimensions ] s
have been maintained with all the boosters, Plexiglas 1 \\\\\
which ranged from 7 to 18 mm in diameter. A J TR ~
second identical booster is glued to the first .
to give a total booster length of 100 mm. The
system is initiated in one of {wo ways; a
PBX-9407 pellet 12.7 mm in diam. and 12.7 mm
long, and an SE-1 are used for shots with
booster diameters of 11 mn or less. For the
larger-diametor designs, a PBX-9404 pellet,

1 in, in diameter and 1 in. long is glued to the
booster, and this in turn is initiated with the
PBX-9407 pellet and an SE-1. By observing the
wave traces with 8 slits equally spaced and
focused on the front surface of the
parallelepiped, we are able to observe the wave

— 9502
Test piece

This face covered with
clgarette papa. flasher

Fiducia! marks

pattern from a distance of 1 mm to almost 30 mn, Fig. 3. The research tast. Eight equidistant
measured laterally from the booster edge slits are used. The first and last
(Fig. 3). slits are aligned vertically,

An example of a shot record with 8 wave
traces is shown in Fig. 4. As with the control
test, the film is digitized with respect to time I .
and distance along the observed surface of the . .- .
test plece. The strength of this design is that Hemm to edge of charge -
several traces may be observed for one shot, and "

the wave history out te and bevond the corner- ‘ . - N ,”r //
turning radius may bhe determined. i o - : A
S timm ) “r L

C. CORNER-TURNING MEASUREMUNT

The detonation wave is inittated in a donor, l . L9
or hooster colimn of PRX-9502, prefcerably not . D
. . . . Tine ~ov
less than six diameters In Jength,  This length \ . \\\\
permits stabilization of the detonation wave gy -
velocity and curvature., Tnside the acceptor " .
charge the directionally initiated detonalion

wave diverqges, and a record of 1ts arrival at Fa. 4. A tlIm trace in the research test.  The
the acceptor surface is made with a smear diameter of the inftiating hooster s
camera.  If there is a polnt on a traze that s 10 mm; Lhe density of Lhe test plece oy
tangent to the acceptor surface, the record Iy 1.886 q/cia?; the temperature is
digitized and firted about. the polint of tangency 2%9C.  The average corner-turning

with a cuble or quadrat e equat.ton. This equa- distance, measured on the last {our
tion is Lhen differentiated to find the point of traces, 1y 16,7 mn.

tangency, and the distance of this point below
the entrance surtace of the test plece i< called
the "corner-tiening distance,"

[T1. EXPIRIMENTAL DESIGN dianeters, [ ewh test the density of the
booster matched that of the acceptor.  Four
This study consicts of the measurement of booster diameters were used for ecach density-
the corner-turning behavioe of FRX-OW2 In g temperature pale.  Lor convenlence, Table 1
matyix of condiiltons formed with three shiows the sealing tacvors tor the booster, rela.
densities, three temperatuyee,, and four hoosto, tive to the tallure diameter of each Ltemporatinee,
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TABLE 1

SCALING FACTORS FOR TEMPEPATURE DEPENDENT BOOSTER DIAMETERS

Scaling Factors

%8.5 mm Failure Diam

Booster Diameters (in mm)

250C 750
*6.5 mm Failure Diam

Booster Diam -550C
FalTure Diam *11.5 mm Fuilure Diam
1.04 - 1.08 12.0
1.13 - 1.19 13.0
1.29 - 1.31 15.0
1.53 - 1.57 18.0

9.0 7.0
10.0 7.75
11.0 8.5
13.0 10.0

*Fajlure diameters were determined at the three reported temperatures fo:r a density of 1.893 g/cm3.

and a density of 1.893 g/cm3. The data are
examined from the following viewpoints:

o The variation of the corner-turning
distances in a given shot with respect
to the radial distance from the booster
axis

e The variation of the corner-turning
distance with booster diameter,
temperature, and density

e The variation of corner-turning radius
with density, temperature, and booster
diameter

o The volume of the "dead" regions from
which no light emanales, where detona-
tion does not occur

IV. CGRNCR-TURNING DISTANCE DEPENDENCE UPON
CORNER-TURNING RADIUS

Using the corner-turning research design, on
the averaon, cach shol contained for traces
which indicated that corner-turning had
occurred.  As {s shown in I'ig. 4, the fous st
traces closest to the booster gave no evidence
of corner-turning, The corner-turning radius
was calculated for the first trace showing
corner=turning; this radius is the perpendicular
dlistance from the booster axis to the corre-
sponding <11t position on the observed surface
(Flg. %Y. txperimental values of the
corner-turning radius are listed in Table I1;
the experinental corner-turning distances
reported in the same table are the average
values of the corner-turning distance for each
shot: the vange 1y indlcated Lhere as well,

Apparently, the corner-turning vadius/
distance velationship Is that of "qo" or "no-
qn”,  In order to observe corner-turning, one
must une cylindetcal test pleces with radli
qreater than the minimun corner-turning vadil,
o use the parattelepiped technlque,

In soveral poaltletepiped shots the
detonat fon wave did tall to tarn The corner;

with these fallures one observes the normal
pattern of breakout for the first three traces;
the remaining s1it traces are blank (Fig. 6).
Such data show that the ~ivergen:e of the TATB
detonation wave is depcudent upon both the
corner-turning distance and the rad’us of the
charge. To observe corner-turning ~nd the full
divergent wave, both distances must be
avallable. Once the divergence has occurred,
that is, beyond the corner-turning radius, the
detonation wave stabilized to give essentially
the same corner-turning distance for the larqger
radii.

Booster position

/ 9502 Tesi piece

- Laseral distancas

A S{it positions

Hg. b Lateral distance,  With 200 magnifica.
tion, the projected dmages of the it
are oaced 4 moat the charge surface,
The Tateral dictances are hown by the
Tines feom the hoostor center to the
vdye,
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TABLE 11

CORMER-TURNING DATA FOR PBX-9502

Density of Corner-Turning
Shot Test Pigce Dismeter of Distance, a0

Numier i Booster, mm (Experimental)

Tempersture = -550 ¢ 19

Corner-Turning
Distaice, mm
Mode 1

F-4866 1.970 12.0 17.94 & 1.26 14,30
F-4967 1.868 1.0 17.54 : 1.08 16.21
F-4868 1.870 15.0 15.80 : 0.93 12.88
F-4869 1.873 18.0 13.84 ¢ 0.¢59 .53
F-4894 1.883 12.0 25.17 @ 1.66 22.04
F-4895 1.887 13.0 26.35 + 4,29 23.30
F-4R76 1.886 15.0 21.74 2 4.48 20.64
F-4874 1,885 18.0 19.08 4 1.37 17.30
F-4R52 1.900 15.0 Failed, no 1ight beyond Sth slit
F-4R5A 1.903 18.0 35.82 (1 point) 35.87
Temperat.re = 250 ' (0¢

F-4R6! 1.874 9.u 15,27 * 0.49 12.C5
F-486% 1.R74 10.0 13,06 * 0.45 10.29
F-4R6) 1.073 1.0 11.55 * 0.24 8.65
F-4064 1.869 13.0 10.3% ' 0.22 .41
r-anal 1.88) 9.0 18,62 ' 0.68 16.49
F-407% 1,886 10.N 16,71 * 0.67 16.74
f-anpd 1.8R6 1.0 15.56 * 1.18 12.86
F-4HAR 1.887 13.0 13.0? * 0.64 n.ls
¥ -4R44 1.507 9.0 Falled, no Yight beyond Jrd s)it
1 ANA7 1,902 1.0 39.94 + 2.43 3r.A3
I -4.48 1.900 1.0 2910 * 379 25,72
¥ -4itn 1.9 13,0 ?27.24 * 0.5? ?3.61
F-4hni 1.0 15.0 25.1R * 0.36 2).16
Temparalure = 760 1+ 0

1.407,; 1.A74% 7.0 12,54 054 13.90
r-451 1.A76 7.8 11.56 » .14 10.15
r-4pug 1.7/ a4 1,25 + .46 10,17
F-4R9; 1.8n0% 7.0 16.57 + 0.9A 13,51
| -4nny 1.081 L) 12.727 » 0.74 9.20
-4nn? 1,804 A5 11,22 » 0.56 A.4n
1-apm 1.806 10.0 10.71 + 0.12 1.7%
|-an 1901 1.0 3472 0 110 4 44
I-4ar20 1.0 . 1N JA.99 .« 1,06 .17
1-4nn 1.90; L] 1L 30,90
1 AN} 190, 9.0 2042 » 0N 19,10
}-Annn 1,9m 10.0 20,07 » 1. 7.0

Corner-Turning
Radius mn

(Experimental)

17.46
17.67
18.12
22.36

21.19
21,36
18.12
22.38

29,73

13.20
13.42
13.6%
W, 15
16.92
17.09
13.6%
1415

24.86
25,00
.36
f1.73

16,67
13.10

12.82
12.9%
.0
17.m

20,50
0,49
20,60
15,9
4

Corner-Turning
Ragius, mr

— (Model)

14.08
14,36
15.96
16.68

18.90
2).52
21.22
19.95

10.95
11.07
11.67
12.12

12.30
12.27
12.41
3.2

1.7
?1.5n
21.22
?21.726

8.9
9.1}
9.46

10.57
9.9?
9.2

0.1

13.2%
6.3/
14.69
14,50
Ju, 1}

“Volume" of
Dark gegion,
.

14,500
20, M
17,600

9,
2L 400
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40
18 mm
ET
e
28 .’

20 ',; ——

Corner—Turning Distance (mm)
»

Fig. 6. A failure using the research test. The s

initiating booster diameter is 9.00 mm; "
the density of the test piece is 1,902 e
g/cmd; the temperature 1s 259C.
Breakout appears in the first three
traces, with nothing afterward. The
light at the right represents an air
shock.

1.878
1.875
LI 1]
1.8685
ese
1.893
EL ]
8s

Density (gscc)
1@ 1 mm »

s /

3@ / 1Rmm
*
2s /

20

Turning Distance (mm)
~
A

V. CORNER-TURNING DISTANCE-DEPENDENCE ON
BOOSTER DIAMETER, DENSITY AND TEMPERATURE

—arner—
e
+

In Fig. 7, the relationship between
corner-turning distance and density is plntted
for various honster diameters at three tempera- g g
tures. The data suggest that for a given : =
hooster diameter, a density asymptote exists. Density (g
Such evidence implies that for this density, the @
detonation wave will fail to *urn the corner and
will nnt spread laterally beyond the narrow
column carresponding to an axial projection of
the initiating booster. The data also suggest
that the failure diameter or PBX-9502 increases
with density [97.

1.875
1.088
1.88%
1.895
.98
!.9es

n 1.89@

kL)

arce (mm)
L3

L1 . 4 85mm
; p

.
L)

H) /.
PR +9.0mm

Jis

The booster diameters were chosen to examine
the effect of scaling with respect to the fail-
ure diameter.  There appears to be no strong
correlation of the scal d booster dicmeters with
crner-turning distance or radius; rather, the
temperature effect is far more significant. The
amb tent . 11-mm hoosler, high-density shot was
succossful, while the corresponding cold, 15-mm
hoo ster shot failed.  Interestingly, all of the
hot shots turned the corner successfuily at hioh
density, while only one cold, and two ambient -
shots detonated at this density. Nenstty (q.ce)

td

PLLSES
N

v, - 10 mm

a

Tmm ;o
4 .4 .
778 mm tv -r

Fig. 7C

asrer-
s

~

(Y]
1.87@ ¢
A 4
Dl

ams ¢

ese
<

I8

325

Thus, as shown in Table 11, the corner-
turning distance is strong'y depondent upon Fig. 7. The average experimental corner-turning
density. A 1% density change may cause a 61% distance in relationship to the density
change in the corner turning distance,  The of the receptor piece. Figures a, b,
temperature offect s also stromg; for example, and ¢ reprosent data obhiained at
A lowerina of Lthe temperature by 13070 from 5500, 2000, and 2M0C, resped-
MOC o SBR0C can cause o 44X increase In tively.The hooster diameters are
the corner-tarning distance, indicated 1n mm on the Figures,
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VI. CORNER-TURNING RADIUS

The experimental corner-turning radius
represents the lateral distance measured from
the booster axis to the point at which corner-
turning is first observed. In order to calcu-
late the theoretical corner-turning radius, the
point of initial break-out for each slit is
plotted against the later?1 distance from the
booster axis (Fig. 8). After fitting these
points with a polynomial, the local maximum
point is determined. The vertical coordinate of
this point is the theoretical corner-turning
distance, while the horizontal component is the
corner-turning radius (theoretical).

As was ubserveo with the corner-turning
distance, the radius is aiso dependent upon
temperature, density, and to a lesser extent,
booster diameter. In Fig. 9, the relationship
between density and the theoretical corner-
turning radius is shown for the three tempera-
tures; in Fig. 10, the closest experimental
point at which corner-turning was observed is
plotted against density. The first plot permits
the estimation of the smallest radius for which
corner-turning will be observed; indeed, the
theoretical corner-turning radius is generally
smaller than that which is observed
experimentally. In experimental designs, this
radius must be available in order that
corner-turning be observed.

20
-
£
E
-
- 13
3
o
]
x
L]
v
i
o 19
-
n
o
[T}
H s
P
"
[@]
s - A t/
© n - » - n -
- - N ~N -

Distance from Booster Axia (mm)
Fig. #. The closest experimental point for each
slit trace to the booster surface of
the test plece in relationship to the
lateral distance from the booster
axis. The salid line represents the
third-order polynomial fit used to
define the dark region and vo determine
s volume. These are the data
obtained from the traces showa ‘n
Fag. 4. A 10-mm beoster was used vor
this shot; the polynomial was then
terminated at 4§ mm, the corresponding
hooster edge.
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The theoretical corner-turning radius
in relationship to tae density of the
receptor plecc, Figures a, b, and ¢
represent data obtained at -%,0(C,
259¢, and 7%9C, respectively.  The
booster diametlers are indicated in mm
on the Figmres.
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The experimental corner-turning radius
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receptor. Flgures a, b, and ¢
represent data obtained at -5H0,

259, and 759, respectively.  The
hooster diametloers are indicated In mm
on the Figures.

VII. VOLUME OF THE DARK REGION

To determine the dark region, the point
nearest the booster surface for each slit trace
is plotted against the lateral distance from the
booster axis. The region defined by these
points and the buoster edge of the test piece is
the dark region or "undetonated" zone. After
fitting these eight points with a cubic poly-
nomial, the volume of undetonated explosive was
calculated for each shot. The volumes reported
in Table 2 are obtained by rotating the poly-
nomial about the booster axis and integrating
from the booster edge to the calculated corner-
turning radius. Fiqure 11 shows the effect of
density upon the volume of the dark region.
Again it appears that an asymptotic density may
be approached as the volume increases sharply.

The dark-region plot is similar to those for
corner-turning distance vs density and corner
turning radius vs density. In general, ore
observes density asymptotes that appear to exist
within a density range of 1.899 to 1.906 g/cm3
for the hot shols, the two high-scaled ambient
tests, and the 18-rm cold shot. For the smaller
diameters, failures were observed when using
high-density test pleces. We have shown that
for a high-scaled booster diameter with medium-
to low-density PBX-9502, the results appear to
scale under ambient and hot conditinars, but not
for high density and low temperature.

VIIT. CONCLUSIONS

e PBX-9502 exhibits large corner-turning
distances and corner-turning radii even
with self-boosters well above failure
diameter.

e Corner-turning behavior is particularly
sensitive to the density of the accep-
tor, to the diameter of the booster when
near the failure diameter, and to varia-
tions in the temperature of the acceptor.

o Significant volumes of acceptor
explosive in the vicinity of the initia-
tion point are not detonated, and much
of this volume is probably unreacted.

e The failure diameter of PBX-9507 probahly
increases with density.
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Fig. 11. The partial volume of undetonated
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750C respectively. The booster
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